This chapter measured atmospheric mercury from two cases of small-scale regions to large-scale regions, and further investigated the tempospatial variation of atmospheric mercury, gas-particulate partition, the transportation routes of mercury, and the comparison of mercury concentration in urban areas and stationary sources. In a heavily polluted industrial city, Kaohsiung, field measurement results showed that total gaseous mercury (TGM) and Hg p concentrations were in the range of 2.38-9.41 and 0.02-0.59 ng/m 3 with the highest concentrations of 9.41 and 0.59 ng/m 3 , respectively. Moreover, the partition of atmospheric mercury was apportioned as 92.71-99.17% TGM and 0.83-7.29% Hg p . The hot spots of atmospheric mercury were allocated at two regions in Kaohsiung City, including a steel industrial complex in the south and a petrochemical industrial complex in the north. In a coastal site of the Penghu Islands, the field measurement results showed that the average TGM concentration during the monitoring periods was 3.17 ± 1.17 ng/m 3 with the range of 1.17-8.63 ng/m 3 , as the highest concentration being observed in spring, while the average TGM concentrations in the daytime were typically higher than that at nighttime. Therefore, prevailing wind direction and air mass transportation routes potentially played critical roles on the variation of TGM concentration at the Penghu Islands.
Introduction
The United States had already listed 189 hazardous air pollutants (HAPs) for control in Title III of the Clean Air Act Amendments (CAAA) of 1990 [1, 2] . Among them, 11 are the toxic heavy metals As, Be, Cd, Co, Cr, Hg, Ni, Mn, Pb, Sb, and Se. In 2005, the U.S.A. Environmental Protection Agency (USEPA) became the first agency to amend the Maximum Achievable Control Technology (MACT) standards into growth control quotas for mercury emissions in order to increase the original goal of a 30% reduction in mercury emissions to 70% by 2018 [2] . This was also done to encourage countries around the world to revise their own reduction goals for mercury emissions. Till now, the pollutants of mercury still cannot be completely removed by using chemical method, and continue to endanger the health of humans and other organisms.
Mercury (Hg) is a persistent, toxic, and bio-accumulative heavy metal, and is currently regulated by the USEPA and the United Nations Environment Programme (UNEP) [3] [4] [5] [6] [7] [8] [9] [10] , and atmospheric mercury has been claimed by UNEP as another global environmental issue followed greenhouse gases (GHGs) [1, 2] . Because of its unique physicochemical properties and potential for long-range transportation via the atmospheric dispersion pathway, it could be deposited worldwide [4, 5] . Due to its characteristics of persistence and bioaccumulation through food chain, mercury could damage the brain and nervous systems in human body. Thus, many countries are becoming increasingly concerned about atmospheric mercury pollution recently.
Accordingly, this chapter aimed to investigate the tempospatial variation and partition of atmospheric mercury at an industrial metropolitan area, and to explore the long-range transportation path at the marine boundary layer (MBL), and to compare the atmospheric mercury concentration level with other major cities all over the world.
Tempospatial variation and partition of atmospheric mercury in ambient air of an industrial city

Background
The mercury emission was mainly generated from combustion sources and metallurgy smelting processes in Taiwan. Among them, the combustion sources include coal-fired boilers, municipal and industrial waste incinerators, petrochemical refineries, cremators, etc., while the metallurgy smelting processes include integrated steel plants, electric arc furnace plants, secondary metal smelters, etc. The economic development of metro Kaohsiung mainly relied on heavy industries located adjacent to the metropolitan area. Coupled with heavy traffics, it causes poor ambient air quality of Kao-Ping Air Quality Zone in Taiwan. Moreover, metro Kaohsiung is the largest and most intensive industrial city in Taiwan, accounting for about 70% of the stationary emission sources, where has two large-scale coal-fired power plants, an integrated steel plant, several metallurgy smelters, and three petrochemical refineries. It would cause quite high emissions of mercury in metro Kaohsiung, Taiwan. In this chapter, the field measurement of atmospheric mercury was designated to investigate the tempospatial variation and partition of gaseous and particulate mercury during the wet and dry seasons, and further correlated atmospheric mercury with meteorological parameters and criteria air pollutants measured in Kaohsiung City, located at the coastal region of southern Taiwan.
Selection and description of sampling sites
Field measurement of atmospheric mercury speciation and concentration was conducted at a coastal background site and six sensitivity sites in Kaohsiung City, including Nan-zhi (22°44′00″ North latitude, 120°19′41″ East longitude, S1), Ren-wu (22°41′20″ North latitude, 120°19′57″ East longitude, S2), Zuoying (22°40′29″ North latitude, 120°17′34″ East longitude, S3), Cia-jin (23°37′56″ North latitude, 120°17′16″ East longitude, S4), Cianjhen (22°36′18″ North latitude, 120°18′30″ East longitude, S5), and Hsiao-kang (22°33′57″ North latitude, 120°20′15″
East longitude, S6). The coastal background site along coastline far away from the emission sources is located at the campus of National Sun Yat-Sen University (22°37′38″ North latitude, 120°16′01″ East longitude). The location of the coastal background site and six sensitivity sites for sampling total gaseous mercury (TGM) and particulate mercury (Hg p ) in Kaohsiung City is shown in Figure 1 .
These sensitivity sites were mainly located at the ambient air quality monitoring stations in Kaohsiung City. Among them, sites S5-S6 were nearby a steel industrial complex in southern Kaohsiung, sites S1 and S2 were close to a petrochemical industrial complex in northern Kaohsiung. Active sampling of TGM and Hg p were conducted consecutively for 24 h at each site in the wet and dry seasons from June to December of 2010 in Kaohsiung City. Among them, wet season started from June to September, while dry season started from October to December. This study intended to investigate the seasonal variation, the spatial distribution, and the partition of TGM and Hg p at a coastal background site and six sensitivity sites in an industrial city. Figure 2 illustrates the seasonal variation of TGM and Hg p concentrations at the northern and southern Kaohsiung as well as the coastal background site during the wet and dry Tempospatial Distribution, Gas: Solid Partition, and Long-Range Transportation of Atmospheric… http://dx.doi.org/10.5772/intechopen.74051 149
Seasonal variation and partition of TGM and Hg p
seasons. The field measured meteorological data are listed in Table 1 , and the field measurement data with mean, standard deviation (SD), and partition of TGM and Hg p are summarized in Table 2 .
During the wet season, ambient temperature, relative humidity, wind speed, and UV B were 28.9 ± 0.7°C, 78.3 ± 1.7%, 2.2 ± 0.2 m/s, and 3.4 ± 0.5 UVI, respectively, which were mostly higher than those during the dry season ( Table 2 ). The prevailing wind blew from southwest and northeast during the dry season, and the prevailing wind blew from northwest and northeast during the wet season were reported. It was mainly attributed to the fact that sea-land breezes blew frequently in Kaohsiung City. However, the wet season is the heat convection season (i.e., hurricane season), in which the rainfall was about 427.9 ± 305.1 mm and the rainy days (rainfall ≧ 0.01 mm) were about 50 days. The dry season commonly blew the northeast monsoon, in which the rainfall and rainy days were much less than those during the wet season. Therefore, the aforementioned meteorological condition is considered as the differential between the dry and wet seasons in Kaohsiung City. much at the coastal background site, thus the seasonal variation has insignificant influences on regions where atmospheric mercury concentrations were high.
The atmospheric mercury concentrations at southern Kaohsiung were mostly higher than those at northern Kaohsiung during the wet and dry seasons, and their average concentrations were respectively 1.12 and 1.79 times of those at northern Kaohsiung. As a whole, the average concentrations of TGM and Hg p in Kaohsiung City were about 2.94 and 11.7 times, respectively, higher than those at the coastal background site during the wet season, and were about 2.6 and 11.5 times, respectively, during the dry season. Overall, the average TGM and Hg p concentrations were 6.66 ± 1.42 and 0.29 ± 0.21 ng/m 3 , respectively, in Kaohsiung City. The TGM concentration in Kaohsiung City was about 4.2 times and 2.8 times higher than the background TGM concentration of the North Hemisphere (1.6 ng/m 3 ) and at the coastal background site in Kaohsiung City (2.4 ng/m 3 ), respectively. It showed that Kaohsiung City as a heavy industrial city was highly polluted by atmospheric mercury. The results showed that TGM was the main mercury species, accounting for 94.56-99.59% of atmospheric mercury during the wet season, and 92.71-99.37% of atmospheric mercury during the dry season. Furthermore, Hg p concentration had a tendency to increase with the distance from the emission sources. The maximum partition of Hg p were up to 20-40% of total atmospheric mercury (TAM) in the ambient air [11] [12] [13] . The partition of Hg p was generally lower than 1% of TAM in the rural areas, about 1-3% in the metropolitan areas, and beyond 5% in the industrial areas [14] [15] [16] . Figure 1 shows that site Sb is in the rural area, sites S3 and S4 are in the metropolitan areas, and other four sites are in the industrial areas in Kaohsiung City. Moreover, the partition of Hg p during the dry season was higher than that during the wet season. It implied that the amount of rainfall, the number of rainy days, and relative humidity might correlate to the partition of Hg p .
Spatial distribution of TGM and Hg p
The concentrations of TGM and Hg p measured at each site are summarized in Table 2 . As far as the spatial distribution of atmospheric mercury during the wet and dry seasons in Kaohsiung City was concerned, the atmospheric mercury concentrations (TGM of 6.37 ng/m at site S6 was the highest and followed by sites S5 and S4 in the southern Kaohsiung.
The mapping software (SURFER) was further used for plotting the concentration contour of atmospheric mercury in Kaohsiung City. This software uses the grid difference as the calculation basis, and interpolarates the data of atmospheric mercury concentration obtained from each sampling site into the map of Kaohsiung City. This study aimed to explore the spatial distribution of atmospheric mercury concentration in Kaohsiung City. As shown in Figure 4 , the atmospheric mercury concentrations of northern and southern Kaohsiung were obviously affected by the mercury emission sources. Two major high mercury concentration regions concurred with the petrochemical industrial district in northern Kaohsiung and the steel manufacturing complex in southern Kaohsiung. The main emission sources in northern Kaohsiung were petrochemical manufacturing complex, municipal and industrial waste incinerators, cremators, etc. In southern Kaohsiung, mercury was mainly emitted from steel smelters, electric arc furnaces, cement plants, petroleum refineries, coal-fired power plants, municipal waste incinerators, etc. Consequently, the atmospheric mercury concentration in southern Kaohsiung was higher than that in northern Kaohsiung, which was attributed to higher mercury emission in southern Kaohsiung than that in northern Kaohsiung. As a whole, the ambient air quality of Kaohsiung City was highly affected by the heavily densed industries, thus the concentration of atmospheric mercury in the metropolitan area was much higher than the background level during the wet and dry seasons. Both numbers of the emission sources and the consumption of fossil fuels in southern Kaohsiung were higher than those in northern Kaohsiung. Figure 5 compares the concentrations of TGM and Hg p at different mercury emission sources in southern Taiwan [12, 13] . The highest TGM concentrations were observed at a steel plant, which was approximately 2.6 times higher than those at Tainan Scientific Complex, even up to 15 times for Hg p concentration. Similarly, other stationary sources were also higher than those observed at Tainan Scientific Complex for both TGM and Hg p concentrations. Figure 6 illustrates the partition of TGM and Hg p for various mercury emission sources in southern Kaohsiung.
Comparison of TGM and Hg p levels with other stationary sources
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The partition of Hg p at Tainan Scientific Complex was only 1.7%, which was similar to those observed at most urban areas (1-3%), and was much lower than other stationary sources (e.g., coal fired power plants, waste incinerators, and steel plants). Their partition of Hg p ranged from 7.3 to 9.5%, which contributed much more Hg p to the ambient air [6, 15, 17, 18] . Overall speaking, TGM was the dominant species of atmospheric mercury in southern Taiwan. Asian monsoons. Previous studies reported that, during the seasons of spring and winter, the biomass and fossil fuel burning frequently occurring in Southeast Asia and Southwest China increase the levels of atmospheric mercury in Taiwan owning to long-range transportation [11, 18] . Since there are no significant mercury sources at the Penghu Islands, it can be treated as the background site in the region.
In this chapter, a one-year field monitoring protocol was conducted to investigate the seasonal and daily variations of TAM concentration at the Penghu Islands, as the correlation of TGM concentration with the meteorological parameters and several criteria air pollutants being further examined and discussed. More importantly, a backward trajectory simulation model was further applied to explore the transportation of TGM to the Penghu Islands with respect to the transportation routes for those observed at 500 m above the sea level during the monitoring seasons. While the TGM has been a continuing issue of great concern worldwide, the results of this study would help development more effective management strategies to control the adverse influences associated with the effect of TGM on the environment and human health as well in the Penghu Islands and the areas possibly affected by the long-range transportation of TGM.
Monitoring sites
According to the meteorological data obtained from 1985 to 2011, dry season with the rainfall of about 800 mm started from April to September. Table 3 and December to February (winter), respectively. 72-h backward trajectories were simulated by using a NOAA HYSPLIT model with the National Centers for Environmental Prediction's Global Data Assimilation System (NCEP-GDAS) meteorological dataset used as the model input in this study. All backward trajectories started with an arrival height of 500 m above the sea level. By using the NOAA-HYSPLIT model, the dates of the highest TGM concentration at the Penghu Islands in different seasons were determined and the transportation routes of air masses toward the Penghu Islands during the monitoring periods were then simulated.
This information was further applied to examine the possible transportation routes conveying TGM from the upwind sources to the Penghu Islands. Additionally, we used the local fire map to identify the possible sources of TGM drawn by the FIRMS web (http://firms.modaps. eosdis.nasa.gov/firemap/) with the moderate resolution imaging spectroradiometer (MODIS) data from National Aeronautics and Space Administration (NASA), which could illustrate the region and status of biomass burning during the monitoring periods. The concentrations observed among the seasons were significantly different by the analysis of ANOVA (Analysis of Variance) at the confidence level of 95%. Table 4 ), suggesting that the ambient air quality in summer was relatively better than other seasons at the Penghu Islands, and the TGM concentrations was 1.7-2.8 times lower than other seasons.
Seasonal and daily variation of TGM concentration
Unlike other seasons, the TGM concentrations fluctuated frequently in fall and winter. In winter, it increased rapidly from 3.74 to 5.08 ng/m 3 on December 28th, and then decreased Tempospatial Distribution, Gas: Solid Partition, and Long-Range Transportation of Atmospheric… http://dx.doi.org/10.5772/intechopen.74051to 3.38 ng/m 3 on December 30th. The highest peak concentration (4.35 ng/m 3 ) occurred on December 29th and then leveled off on January 5th. Long-term TGM monitoring at Mt. Lulin background air quality monitoring station showed that Taiwan was highly influenced by atmospheric mercury and gaseous pollutants from China and Southeast Asia in spring and winter [11] . Backward trajectory simulation results indicated that the atmospheric mercury detected in Taiwan significantly increased due to frequent biomass burning originated from the Southeast Asia and industrial emissions from the North China in spring and winter. It suggested that the TGM concentrations at the Penghu Islands might be also influenced by the atmospheric mercury emitting and transporting from these regions. While, air masses blown from the Pacific Ocean had relatively low contribution to the TGM concentration. Figure 9 illustrates the hourly variation of TGM concentrations during four seasons at the Penghu Islands. It showed that the variation of hourly TGM concentrations were relatively steady in summer. The TGM concentration increased from 6:00 am, gradually reached its concentration peak at 11:00 am, and then decreased after noontime. The increase of TGM concentration resulted probably from the following two processes: (a) UV radiation could temporally transform Hg + , Hg 2+ , and Hg p to volatile Hg 0 , and subsequently entered to the atmosphere [6] ); (b) the downward mixing from the enhanced TGM aloft may increase the levels of TGM concentration as the destroying of nocturnal inversion layer [20] . Except 
Hourly variation of TGM concentration
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for the morning time, the TGM concentration was less variable through the whole day. The average TGM concentrations in the daytime (6:00 am-6:00 pm) were typically higher than those at nighttime (6:00 pm-next 6:00 am). These findings are attributed to the effects from the variation of the height of atmospheric boundary layer. Additionally, it might be influenced by local anthropogenic activities, such as open burning, mobile sources of fishing boats, vehicles, etc.
The magnitude of hourly variation (differentia between the maximum and the minimum TGM concentrations) was lower in summer and winter with the relative percent differences (RPD) of 61.9 and 88.1%, respectively, and higher in spring and fall with the RPD of 130.7 and 107.8%, respectively. However, previous studies showed that the monitored TGM concentration varies at low altitudes in the typical rural areas [11, 21, 22] . This study revealed that the concentration of TGM monitored at the Penghu Islands was mainly influenced by both local biomass burning and long-range transportation. ) were frequently observed in spring, fall, and winter. It is worth noting that the frequency distribution of TGM appeared to follow two different trends, as shown in Figure 10 . The frequency distributions of TGM levels in summer and fall were unimodal distribution, while those in spring and winter followed a multi-modal distribution. Tempospatial Distribution, Gas: Solid Partition, and Long-Range Transportation of Atmospheric… http://dx.doi.org/10.5772/intechopen.74051 Figure 11 illustrates the pollution rose of TGM for four monitoring seasons at the Penghu Islands. High TGM concentrations were observed mainly in the wind directions of 0-90° and followed by 270-360° in spring, and 60-120° in fall and winter. There were no significant mercury emission sources at the northwestern or southwestern Penghu Islands, suggesting that the high concentrations of TGM were transported remotely from China. An increasing number of studies have shown that biomass burning, industrial combustion, and ocean evaporation are three major emission sources of TGM in the regional scale [10, [23] [24] [25] . Figure 12 illustrates the backward trajectories and the TGM concentration percentage of air masses toward the Penghu Islands in four seasons.
Transportation routes of TGM toward the Penghu Islands
In spring, the TGM concentrations for air masses transported conveying from routes (1) and (2) ranged from 3.55-7.12 ng/m 3 , accounting for approximately 89% of TGM data, which was possibly dominated by those transported from local stationary sources and open burning with air masses toward the Penghu Islands. Thus, the southern China were another possible sources contributing to the TGM levels at the Penghu Islands. In summer, the TGM concentrations for air masses conveying from routes (4) and (5) , accounting for approximately 97% of TGM data, which were transported from the South and the East China Sea to the Penghu Islands, dramatically increasing the TGM concentrations at the Penghu Islands during the summer monitoring period. Consequently, the TGM concentrations in summer were relatively lower than other seasons, and the average concentration of TGM was close to the background TGM concentration of North Hemisphere (approximately 1.6 ng/m 3 ).
In fall, the TGM concentrations for the air masses conveying from routes (7) and (8) ranged from 3.02 to 3.73 ng/m 3 , accounting for approximately 96% of TGM data, which seemed to be mainly transported from the northern China, Korea, and Japan with air masses toward the Penghu Islands, resulting in approximately 1.67 times higher TGM concentration in fall than those in summer.
In winter, the TGM concentrations for the air masses conveying from routes (11) and (12) ranged from 3.67 to 3.84 ng/m 3 , accounting for approximately 85% of TGM data. The potential sources conveying the TGM toward the Penghu Islands in winter were from the southern Asia, northern China, and Mongolia, increasing the TGM concentrations up to 1.94 times of those in summer.
In this study, the minimum TGM value of 1.5 ng/m 3 in the summer monitoring period, can be treated as the background concentration of TGM at the Penghu Islands. Therefore, the TGM concentration attributed from long-range transportation can be obtained by Eq. uted from cross-boundary transportation at the Penghu Islands were further compared. The percentages of cross-boundary transportation were ordered as: spring (59.6 ± 15.0%) > winter (55.9 ± 7.6%) > fall (49.7 ± 6.2%) > summer (16.8 ± 6.9%). In addition, the maximum percentage of 79.1% was observed in spring. It showed that the TGM concentrations in spring at the Penghu Islands were highly influential, which were mainly affected by the long-range transportation.
High humidity and rainfall frequency at the Penghu Islands could also explain relatively lower TGM concentrations measured in winter. Previous study reported that the occurrence of biomass burning such as forest fires from February to April in the Southeast Asia and the Indochina Peninsula emitting a large amount of mercury-containing pollutants to the atmosphere [26] . Figure 14 illustrates the fire maps obtained from the FIRMS web fire maps and air mass transportation routes in four seasons. These fire maps explained why high TGM concentration occurred in spring at the Penghu Islands. During the monitoring periods, the hot spot of fires occurred densely in spring than other seasons could emit a large amount of TGM to the atmosphere, and then transported toward the Penghu Islands. Figure 15 , the TGM concentrations monitored at the Penghu Islands were compared to those observed at islands and seas in East Asia. The TGM concentrations in the ambient air were ordered as: An-Myun (4.61 ± 2.21 ng/m Tempospatial Distribution, Gas: Solid Partition, and Long-Range Transportation of Atmospheric… http://dx.doi.org/10.5772/intechopen.74051concentrations decreased continuously from the northern islands to the southern islands. The TGM concentrations observed at the offshore islands were generally lower than those close to the continent or main island (except Yellow Sea). It further explained why the high levels of TGM concentration at the offshore islands were much easily influenced by Hg emission sources from the anthropogenic sources in the continent or main island.
As illustrated in
In summary, in addition to the local sources and open burning, the concentration of TGM at the Penghu Islands was mainly influenced by the long-range transportation of air masses, as the prevailing wind direction and air mass transportation routes potentially playing the critical roles on the variation of TGM concentration in the atmosphere.
Conclusions
This chapter investigated the atmospheric mercury by using the modified sampling and analytical methods from two cases of small-scale regions to large-scale regions, respectively, which further investigated the tempospatial variation of atmospheric mercury, gas-particulate partition, transportation routes of mercury, and comparison of mercury concentration in urban areas and stationary sources. According to the results of this field study, several major conclusions are summarized as follows.
The tempospatial variation and the partition of TGM and Hg p in Kaohsiung City were 6.66 ± 1.42 ng/m 3 and 0.29 ± 0.21 ng/m 3 , respectively. The TGM concentration was approximately 4.1 times higher than the background concentration of 1.6 ng/m 3 in North Hemisphere. Two high mercury concentration regions in Kaohsiung City concurred with the petrochemical complex in Northern Kaohsiung, and the steel manufacturing complex in Southern Kaohsiung.
The TGM and Hg p concentrations in Kaohsiung City were generally higher than those of other Taiwanese cities during the wet and dry seasons. The concentrations of TGM measured in the cities of Taiwan were generally higher than Tokyo and Seoul, however, lower than other cities in China. The burning of coal for space heating in wintertime makes China the main mercury emission source in the world. Moreover, Japan, Korea, and Taiwan are under the leeward of China, which are also in the major atmospheric mercury transportation routes. When the northeastern monsoon prevails, it resulted in the increase of TGM and Hg p concentrations in the cities of East Asia.
TGM concentration monitored at the Penghu Islands was 3.17 ± 1.06 ng/m 3 with the range of 1.17-8.63 ng/m 3 , and were ordered as: spring > winter > fall > summer. Summer is the only season close to the background TGM concentration of Northern Hemisphere at the Penghu Islands. While the hourly variation, TGM concentration typically increased in the morning (8:00 am-1:00 pm), reached its peak concentration, and then decreased in the late afternoon (after 2:00 pm).
Air masses transported from the southern and northern China, the southern Asia, Korea, Japan, and Mongolia might affect the Hg levels at the Penghu Islands during the monitoring seasons. The concentrations of TGM might be influenced by the mercury-polluted air masses to be transported remotely from areas or local stationary combustion and mobile sources. While air masses transported toward the Penghu Islands was dominated by that transported from South China Sea in summer, the TGM concentration levels at the Penghu Islands appeared to be lower than other seasons.
High TGM concentration observed at the Penghu Islands in spring might be attributed to the following three reasons: (a) local emissions from field open burning, local stationary combustion, and mobile sources; (b) long-range transportation from biomass burning in Southeast Asia or neighboring Chinese coastal cities, and (c) long-range transportation through Asian dusts from North China.
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